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Abstract 
This work aims at understanding the tribological properties of lubricant oil containing boron nitride nanoparticles (nano-
lubricant). The nano-lubricant were formulated using a two-step method. A rheometer was used to measure the rheological 
behaviour of the lubricant oil, whereas the anti-wear and anti-frictional performance of the nano-lubricant was investigated using 
a tribo-tester. Through comparing the friction coefficient and line roughness of the wear surface, an optimal concentration of 
nanoparticles was found to be around 0.1wt.%. Atomic force microscopic and scanning electron microscopic analyses of 
morphology of wear tracks and x-ray energy dispersive spectroscopic analyses of element distributions on the worn surface 
indicated that the lubricant oil with a small amount of boron nitride nanoparitcles could exhibit excellent tribological 
performance. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese 
Academy of Sciences (CAS). 
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1. Introduction 
Nanofluid technology has numerous potential applications including cooling, biomedical, and tribological 
applications. Lubricant oils based nanofluids are also called nano-lubricants. Many nanoparticle additives have been 
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investigated with an aim to improve the tribological performance of the base lubricating oils. These include surface-
modified TiO2 nanoparticles[1], LaF3 nanoparitcles[2], ZrO2/SiO2 composite nanoparticles[3] and so on. Xue et al. [1] 
reported enhanced  load-carrying capacity and wear reduction of liquid paraffin when surface-modified TiO2 
nanoparticles were added. Zhou et al. [2] investigated the tribological behaviour of LaF3 nanoparticles as an oil 
additive and their results showed the formation of a film on the surface. Li et al. demonstrated anti-wear and anti-
friction performance of a lubricating oil with ZrO2/SiO2 composite nanoparticle additives. They also found an 
optimized concentration of 0.1wt.% that gave a friction coefficient 16.2% lower than that of the base oil. 
Except for excellent frictional properties, nano-lubricants could also show a higher thermal conductivity than the 
base oil because of nanoparticle additives[4]. Saeedinia et al.[5] studied the thermal conductivity of a nano-oil with 
CuO nanoparticle additives, and an 6.2% thermal conductivity increase was observed with 2wt.% nano-additives. 
Taha-Tijerina et al.[6] reported that an addition of 0.1wt.% BN nanoparticles gave a 5% increase in the thermal 
conducitvity of the base oil. These nano-lubricants with high thermal conductivities have been regarded to be 
beneficial for lubrication and thermal management applications. 
As an environment friendly solid lubricant, hexagonal boron nitride with a lamellar structure shows a good 
thermal stability and a high thermal conductivity[7]. There have been reports on the frictional properties of 
lubricating oils containing micro- and nano- sized boron nitride particles[8-10]. However, the influence of thermal 
conductivity of the performance of lubricating oils has rarely been reported. In this paper, lubricating oils with 
different concentrations of BN nanoparticles (nano-BN oils) are formulated. The effect of the BN nanoparticle 
additives on the friction performance of the lubricating oil is analyzed and the temperature changes of the frictional 
system are measured during the test. The results show that the addition of BN nanoparitcles can significantly reduce 
the average friction coefficient and improve the surface wearing with small changes in the temperature of the 
frictional system. This nano-BN lubricant should be beneficial to the heat dissipation during the friction process. 
2. Experimental 
2.1. Preparation and characterization of sample 
The nano-lubricants were formulated with commerical lubricating oil (SE 15W-40, Sinopec Lubricants, China) 
and analytical grade hexagonal boron nitride nanoparticles with disk-like shape (Beijing DK Nano S&T, China). 
The BN nanoparticles had an average diameter of ~120nm and a single layer thickness of ~30nm. Oleic acid 
(analytical reagent grade, Guangdong Xilong Chemical Co., Ltd) was used as the dispersant for elevating the 
stability of the suspension. An appropriate amount of oleic acid was  suggested to be 25wt.% of BN nanoparticle 
additives. A two-step method was used to formulate these nano-lubricants. Typically, the nanoparticles were 
synthesized as dry powder, then these particles were dispersed into the lubricant. In this research, the nanoparticles 
were purchased from the market.  The detail of this method has been published in our former work.[11] The 
nanoparticles with the dispersant was well dispersed to the base oil through a high shear homogenizer (Model T18, 
IKA, Germany) at 7500r/min for 30min. Nano-BN oils containing 0.1wt.%, 0.5wt.% and 1.0wt.% were prepared 
and they were denoted as BN01, BN05 and BN1 for the following discussion. 
The crystal of BN nanoparticles was examined by the PANalytical X-Ray Diffractometer (XRD). Fig.1(a) shows 
the XRD pattern of the particles. One can see that the main diffractive peaks at 26.8o, 41.6o, 55.2o and 75.9o in the 
figure correspond respecively to the diffraction of (002), (100), (004),(110) planes of the hexagonal BN crystals. 
The morphology of the BN nanoparticles was analyzed by the JEM-2100 transmission electron microscopy (TEM), 
as shown in Fig.1(b). The TEM image exhibits that the BN nanoparticles are disk-like shape with roughly uniform 
size distribution. 
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Fig. 1 XRD pattern (a) and TEM image (b) of BN nanoparticles 
2.2. Viscosity and tribological experiment 
The viscosities of these lubricating oils were collected by an Anton Paar MCR302 rheometer with the shear rate 
increased from 1.0s-1 to 1000s-1 over a temperature of 20~60oC. The tribological experiments were carried out on the 
disk-on-disk tribo-tester (Model MRS-10A, Shandong, China). The material of the frictional pairs was No.45 
stainless. Except the mainly element Fe, this No.45 stainless also contains 0.42~0.50% C, 0.17~0.37% Si, 
0.50~0.80% Mn, 0.25% Cr, 0.30% Ni and 0.25%Cu. The rotational speed, load and test duration were 500rpm, 
500N and 180s, respectively. Each of the friction tests was repeated three times from the same initial temperature of 
25oC. The friction coefficient was obtained during every tribological experiment. The average data of the friction 
coefficient and temperature were taken for analyses. A Bruker atom force microscopy (AFM) and a Zeiss Auriga 
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scanning electron microscopy (SEM) with an enery dispersive X-ray spectrometer (EDS) equipped were used to 
observe the morphology and the element distribution of the worn surface. 
3. Results and discussion 
3.1. Viscosity of nano-BN oils 
The temperature of the friction system will increase with test time. The flow state and oil film thickness during 
the frictional process are directly affected by the viscosity of the lubricating oil, which is changed obviously with 
temperature. Fig.2 shows the  dynamic viscosities of lubricating oils as a function of the concentration of BN 
nanoparticle additives for temperature ranging form 20oC to 60oC at the shear rate of 100s-1. We can see that the 
viscosities of all oils with/without BN nanoparticle additives decrease rapidly with the temperature increasing as 
expected. However, there was no significant increase in the viscosity of all nano-BN oils within 1.0wt.% 
concentration. It indicates that the viscosity impact to the tribological performance of the lubricant could be 
negligible at the same temperature. 
 
Fig. 2 Dynamic viscosity as a function of temperature 
3.2. Tribological performance of nano-BN oils 
The friction coefficients of the base oil and nano-BN oils during the frictional process are shown in Fig.3 One 
can see that the friction coefficient values of the base oil are higher than that of the nano-BN oils during the whole 
test. And the friction coefficient of the nano-BN oils increases with the concentration of BN nanoparitcle additives 
increasing. The friction coefficient curves of the samples BN05 and BN1 make obvious fluctuation with test time, 
whereas that of the sample BN01 tend to steady with test time. The average friction coefficients of the whole tests 
for the base oil, BN01, BN05 and BN1 were 0.065, 0.047, 0.030 and 0.015, respectively. Compared with the base 
oil, the friction coefficient reduced 76.9%, 53.8% and 27.7% for BN01, BN05 and BN1, respectively. It is obvious 
that the addition of BN nanoparticles could effectively improve the anti-friction performance of the base oil. 
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Fig. 3 Friction coefficients of base oil and nano-BN oils as a function of time 
Table 1 shows the line roughness Ra values of the worn surface before and after test with different oils. We can 
see that due to the polishing effect of the lubricating oil, all the worn surfaces become smooth after the friction test. 
The reduction of Ra values after test with the samples BN01, BN05 and BN1 are respectively 63.5%, 46.8% and 
37.4% higher than that of the base oil. The results agree well with the friction coefficient results as shown in Fig.3. 
We can conclude that amount of 0.1wt.% BN nanoparticles addition to the base oil was good enough to improve the 
anti-friction performance. The reasons for these phenomena are as followed. 
Table 1 The line roughness Ra values of the worn surface before and after test with different oils 
Sample Ra (before test) / μm Ra (after test) / μm Ra / μm 
Base oil 0.472 0.269 0.203 
BN01 0.464 0.132 0.332 
BN05 0.459 0.161 0.298 
BN1 0.461 0.182 0.279 
Celik et al[12]. have proved the mending/patching effect to explain the anti-friction and anti-wear properties of the 
lubricating oils with boron nitride particle additives. This mechanism can be confirmed from the SEM, AFM and the 
EDS results of the worn surfaces as shown in Fig.4 and Table2. From the SEM images in Fig.4, we can see that the 
worn surface after test with sample BN01 are smoother than that of the base oil, especially when comparing to the 
worn surface before test. In the AFM images in Fig.4, it is obvious that the height of the ridges on the worn surface 
before and after test with the base oil and sample BN01 are 850nm, 500nm, and 130nm, respecively. The AFM 
results show the same trend with the corresponding SEM images, and are coincide with the friction coefficeints and 
the line roughness Ra values. From the element composition of the worn surfaces exhibited in Table2, one can see 
that elements B and N are found after test with sample BN01. This can verify the patching of the BN nanoparticles.  
The above discussion about the difference of the anti-friciton and anti-wear properties among nano-BN oils 
should be attributed to the various size and morphology of BN nanoparticle additives, which was affected bythe 
agglomeration particles in different concentrations. Large agglomeration particles at high concentration (samples 
BN05 and BN1) are likely not only to fulfill the valleys on the worn surface but also create new asperities made of 
these large agglomeration. Compared  to the base oil, these new asperities are kind of solid lubricant, which could 
result in a decrease of friction. However, these new asperities are adversely to the roughness of the worn surface, 
which could cause higher friction and rougher worn surface when comparing to the small particles with slightly 
agglomeration[13]. And small agglomeration particles at low concentration (sample BN01) just have the appropriate 
1043 Qingming Wan et al. /  Procedia Engineering  102 ( 2015 )  1038 – 1045 
size to fulfill the valleys on the worn surface. So the optimal BN nanoparticle concentration is proposed to be around 
0.1wt.%. 
 
 
  
 
  
Fig. 4 SEM and AFM of the worn surface before and after test with base oil and BN01 (a1), (a2)—before test, (b1), (b2) —after test with base oil, 
(c1), (c2)—after test with sample BN01 
Except the mending/patching mechanism, the high thermal conductivity of the nano-BN oil is proposed to be 
beneficial for the excellent lubrication properties. The past work have indicate that the oil thermal conductivity can 
be increased after nanoparticle adding. [4,14]. For lubricant process, lubricant oil also can be termed as a heat transfer 
media. The lubricant oil with higher thermal conductivity will be benefit for the friction pieces cooling. In this 
research, the surface temperature of a friction piece is recoded by a couple of thermocouples. The test result shows 
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that the final temperature after test with the base oil and samples BN01, BN05 and BN1 are 42.9 oC, 29.9 oC, 31.9 oC 
and 37.7 oC. The obviously cooling improvement is observed in this measurement.  
Table 2 Elemental compositions of worn surfaces shown in Fig.6 (b1), (c1) 
Element Composition wt% 
Base oil BN01 
C 6.08 5.89 
O 0.77 0.87 
Si 0.34 0.26 
Cr 0.05 0.04 
Mn 0.83 0.65 
Fe 91.81 80.70 
Ni 0.10 0.11 
Cu 0.02 0.03 
B -- 4.66 
N -- 6.79 
4. Conclusions 
In this paper, lubricant oils containing BN nanoparticles with different concentration were formulated and 
showed good stability for more than two weeks. Then, their viscosities and tribological performances were studied. 
The viscosities of both the base oil and nano-BN oils decreased sharply with increasing temperature and no 
significant distinct between them were found. The nano-BN oils could significantly improve the anti-friction and 
anti-wear properties of the base oil, and lower nanoparticle concentration exhibited better tribological performance. 
The patching mechanism of the BN nanoparticles on the worn surface are confirmed by the EDS results and an 
effective concentration was proposed to be around 0.1wt.%.   
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